We study the generic interaction of a monochromatic free-space electromagnetic field with a bi-isotropic nanoparticle. Such interaction is described by dipole-coupling terms associated with the breaking of dual, P-and T-symmetries, including chirality and nonreciprocal magnetoelectric effect. We calculate absorption rates, radiation forces, and radiation torques for such nanoparticles and introduce novel characteristics of the field quantifying the transfer of energy, momentum, and angular-momentum in these interactions. In particular, we put forward a concept of 'magnetoelectric energy density', quantifying the local PT-symmetry of the field. Akin to the 'super-chiral' light suggested recently for local probing of molecular chirality, here we suggest to employ complex fields for a sensitive probing of the nonreciprocal magnetoelectric effect in nanoparticles or molecules. 
We study the generic interaction of a monochromatic free-space electromagnetic field with a bi-isotropic nanoparticle. Such interaction is described by dipole-coupling terms associated with the breaking of dual, P-and T-symmetries, including chirality and nonreciprocal magnetoelectric effect. We calculate absorption rates, radiation forces, and radiation torques for such nanoparticles and introduce novel characteristics of the field quantifying the transfer of energy, momentum, and angular-momentum in these interactions. In particular, we put forward a concept of 'magnetoelectric energy density', quantifying the local PT-symmetry of the field. Akin to the 'super-chiral' light suggested recently for local probing of molecular chirality, here we suggest to employ complex fields for a sensitive probing of the nonreciprocal magnetoelectric effect in nanoparticles or molecules.
PACS numbers: 42.50. Wk, 75.85.+t, 33.57.+c Introduction.-Light-matter interactions play a crucial role in various measurement and manipulation processes. Modern trends imply miniaturization of matter and the use of complex (i.e., structured, non-plane-wave) fields. Employing local interactions of complex light with small particles, investigations of the past decade resulted in: breakthrough in optical manipulations [1] ; measurements of angular momentum [2] and nontrivial momentum [3, 4] of light; reconstruction of particle and complexfield properties at the nanoscale [5] ; and sensitive probing [6] [7] [8] [9] and sorting [10] of molecular chirality .
One of the important aspects of light-matter interactions is the relations and coupling between electric and magnetic properties of both light and matter. In particular, the interaction of light with chiral particles involves the cross-coupling between electric and magnetic characteristics [6, 9, 11] , and chirality of matter turns out to be coupled to the helicity of light [7] . Remarkably, although chirality is characterized by broken parity (P-) symmetry [11] , the conservation of the helicity is intimately related to the less known dual (D-) symmetry between electric and magnetic properties of the system [12, 13] . The dual symmetry was recently recognized as an important characteristic in light-matter interactions [13, 14] .
The cross-coupling between electric and magnetic properties of light and matter can be of different origins [15] . In addition to chirality, there is an intriguing magnetoelectric interaction currently attracting enormous attention in solid-state physics [16, 17] . Such magnetoelectric effect was discovered in 1960 in anisotropic Cr 2 O 3 [18] , but magnetoelectric materials were still considered to be rare until recently. Importantly, the magnetoelectric effect implies nonreciprocity: the magnetoelectric matter has broken P-and time-reversal (T-) symmetries [15, 17] but preserved combined PT-symmetry, which is now a subject of active research in quantum mechanics and optics [19] .
Nonreciprocal magnetoelectric effects appear in contrasting and sometimes controversial contexts. At the molecular level, it was first discussed by Curie and Debye [20] , but has never been detected. Later, Barron [21] named it "false chirality", provided the symmetry analysis, and revealed an analogy with the violation of CP-symmetry in particle physics. For continuous media, in 1948, Tellegen [22] described properties of a hypothetic bi-isotropic magnetoelectric medium, "Tellegen medium" [15] . The possible existence of such medium was actively debated in the 1990s [23] , and it was eventually realized recently for static fields [24] . It was also shown that the magnetoelectric effect is closely related to axion electrodynamics [25] , and can appear in topological insulators [26] .
While chirality of matter is naturally coupled to the helicity of light [6, 7] , what is the field characteristic that can probe the nonreciprocal magnetoelectric property ("false chirality") of matter? In this Letter we address this question by considering the dipole interaction of light with a generic bi-isotropic small particle. We describe contributions related to the broken P-, T-, and D-symmetries and define the local energy, momentum, and angular-momentum characteristics of the field, which quantify these specific interactions. In particular, we introduce a PT-symmetric 'magnetoelectric energy density', which is coupled to the magnetoelectric polarizability of matter. Importantly, this characteristic vanishes for plane waves, but it can be non-zero for complex fields. Akin to the 'super-chiral light' recently suggested for sensitive local probing of molecular chirality [6] [7] [8] [9] , we put forward a 'super-magnetoelectric' field for sensitive probing of the magnetoelectric properties of nanoparticles. This can lead to the discovery of the nonreciprocal magnetoelectric effect at the molecular level, as was first discussed about a century ago [17, 20] .
Characteristics of monochromatic Maxwell fields.-We consider monochromatic Maxwell's electric and magnetic fields, E(r, t) = E(r)e
−iωt
and H(r, t) = H(r)e −iωt , in free space, and use electrodynamics units c = ε 0 = µ 0 = 1. Dynamical properties of light can be conveniently described within a quantum-like formalism by introducing a complex two-level 'state vector' of electric and magnetic fields [3, 13] :
The state vector (1) is formally a vector in
space, where vectors in usual C 3 space are denoted by bold letters, vectors in the electric-magnetic (dual) C 2 space are denoted by arrows, and vectors in Hilbert L 2 space are functions of r [27] .
Stationary free-space Maxwell equations play the role of constraints for the 'state vector' (1), which has too many degrees of freedom in the C 3 ⊗C 2 ⊗L 2 space. They include the transversality equations and stationary Weyllike equation for spin-1 photons [28] :
. (2) Herep = −i∇ is the momentum operator that acts in L 2 , S is the vector of spin-1 rotational matrices which operate in C 3 as X * ·(Ŝ)X = (X * ×X), and the Pauli matriceŝ σ i , i = 1, 2, 3, act in the C 2 'electric-magnetic' space with the unit matrixσ 0 = diag (1, 1) being implied if there is noσ i . Throughout the paper we adopt the notation [3] : (2) shows that the operatorK = −σ 2 acting on the Maxwell fields is equivalent to the quantum helicity operatorŜ ·p/p (p = k = ω). The operatorK is a generator of the dual transformation exp(−iθK) rotating the electric and magnetic properties [12] [13] [14] , and its eigenmodesK ψ = χ ψ with χ = ±1 are the fields with well-defined helicity χ: H = −iχE. This illuminates the connection between the helicity and duality in Maxwell fields.
The main local dynamical characteristics of the electromagnetic field are: energy, momentum, angularmomentum (spin), and helicity densities. These quantities, averaged over time, can be written using Eq. (1) as local expectation values of the corresponding operators [3, 13] :
Here P is the canonical or orbital momentum density that describes optical pressure, energy transport, and appears in experiments [3, 4, 13] . It also determines the density of orbital angular momentum L = r × P [2, 4] , which is not an independent quantity, in contrast to the spin density S. The widely used (but, unlike P, not directly measurable [4] ) Poynting vector Π is obtained by adding the virtual 'spin momentum' to P (for details, see [3, 4, 13, 29] ):
where the Maxwell equations (2) were used. Equation (7) also supports the fact that the Poynting vector is not a fundamental physical characteristic because its underlying operator ωKŜ mixes different subspaces. In contrast, the fundamental quantities (3)- (6) are underpinned by operators in the corresponding spaces: momentum in L 2 , spin in C 3 , and helicity/duality in C 2 . Therefore, quantities (3)- (5) represent the sums of separate electric and magnetic parts:
, while the helicity (6) mixes electric and magnetic properties.
Interaction with a dipole bi-isotropic particle.
-We now consider the interaction of a monochromatic Maxwell field (1) with a generic bi-isotropic dipole particle. The particle is characterised by oscillating electric and magnetic dipole moments P(r, t) = π(r)e
and M(r, t) = µ(r)e −iωt , induced by the field. The dipole moments π and µ are proportional to the fields E and H with complex scalar coefficients. Hence, the generic form of these relations can be written using the Pauli-matrix expansion of the interaction operator∆ acting in the dual C 2 space:
where α (0,da,ch,me) are complex polarizabilities describing interactions with different symmetry properties. Namely: α (0) describes excitation of the electric and magnetic dipoles by the corresponding fields with the same efficiency (an 'ideal' dual-symmetric particle without electric-magnetic cross-coupling); α (da) characterizes the difference between the electric and magnetic dipole excitations by the corresponding fields (i.e., the dual asymmetry between electric and magnetic properties of the particle) [13, 14] ; α (ch) quantifies chirality (reciprocal cross-excitation of the electric and magnetic dipoles) [6, 7] ; and, finally, α (me) describes the magnetoelectric effect or "false chirality" (nonreciprocal crossexcitation of the electric and magnetic dipoles) [15-18, 20, 22, 23, 25, 26] .
Light-particle interactions can be characterized by the energy, momentum, and angular-momentum transfer from light to matter. These are quantified by the absorption rate A, radiation force F, and radiation torque T, respectively. Calculations of these time-averaged quantities result in the following equations, conveniently represented in our formalism:
where γ = −2ω. Thus, the optical absorption rate, force, and torque are directly related to the canonical energy, momentum, and spin operators, combined with the interaction operator (8)∆. Let us examine effects from various interaction terms in∆. Substituting Eq. (8) into Eqs. (9)- (11), the corresponding absorption rates, forces, and torques can be written in a unified form:
Here X = (0), (da), (ch), (me) indicates different interactions, and the optical force (13) is split into the gradient and radiation-pressure parts [1, 4, 30] . The imaginary parts of the polarizabilities α X characterize dissipation, so that the terms proportional to α X quantify the local energy/momentum/angular-momentum absorbed by the particle in the corresponding X-interaction. For an ideal interaction without any asymmetries, X = (0), Eqs. (12)- (14) exhibit the fundamental field characteristics (3)- (5): W (0) = W , P (0) = P, and S (0) = S. Thus, the absorption rate, radiation-pressure force, and torque for the ideal particle allow straightforward measurements of the energy, momentum, and spin densities in the field [2] [3] [4] .
For interactions with various asymmetries, Eqs. (12)- (14) contain modified characteristics W X , P X , and S X quantifying the energy, momentum, and angularmomentum exchange in these interactions. First, the dual asymmetry of the particle is characterized by the X = (da) interaction, and the corresponding quantities represent differences between electric and magnetic parts of the canonical characteristics:
Typically, matter is strongly dual asymmetric because of the presence of electric (but not magnetic) charges. For instance, an electric-dipole particle with electric polarizability α (e) and negligible magnetic polarizability is described by
Second, the chirality of the particle (P-asymmetry) is described by the X = (ch) interaction, and the corresponding 'chiral' energy, momentum, and spin densities are given by
where the Maxwell equations (2) were used in Eq. (17) . Naturally, these characteristics contain mixed electric and magnetic field properties. Equation (16) shows that the absorption rate in the chiral interaction is proportional to the helicity of light K [6, 7] , whereas Eqs. (17) and (18) agree with very recent results of [10] calculating chiral optical forces and suggesting optical sorting of chiral particles. Interestingly, the Poynting vector (7) determines the chiral torque (18), whereas the spin determines one part of the chiral force (17) .
Finally, the most intriguing and unexplored case is the magnetoelectric interaction X = (me) (P-and Tasymmetric). Akin to Eqs. (16)- (18), we derive that the local magnetoelectric energy, momentum, and angularmomentum exchange are characterized by the following quantities:
Remarkably, equation (19) introduces the 'magnetoelectric energy density' W (me) , which vanishes in any plane wave with H ∝ k × E. This is because the eigenstates of the magnetoelectric operatorσ 1 are collinear electric and magnetic fields, H = ±E, impossible in plane waves. Nonetheless, such magnetoelectric fields can exist locally as a result of interference of several plane waves. Thus, the magnetoelectric effect can be locally sensed via absorption rates by specially-designed complex fields with H E [32] . It is important to examine the P-, T-, and D-symmetry properties of the free-space and interaction field characteristics (3)- (5) and (15)- (21). The corresponding transformations are given by
where we consider the discrete dual transformationD = exp(−iπK/2) [12] [13] [14] . Quantities even and odd under these transformations are marked by "+" and "−" in Table I. One can see that the symmetries of the interaction characteristics (15)- (21) are flipped as compared with the fundamental ones, according to the asymmetry of the corresponding interaction. Namely, the dual-asymmetric quantities have flipped D-symmetry, the chiral characteristics have inverted P-symmetry, and the magnetoelectric characteristics have flipped all P-, T-, and D-symmetries, but preserved PT-symmetry. Sensitive probing of magnetoelectric particles.-Using the above expressions, one can suggest field configurations sensitive to the specific properties of the particle. Recently, Refs. [6, 8, 9] demonstrated the ultrasensitive local probing of molecular chirality using field configurations with high ratio of the helicity density to the electric energy density: ω |K| /W (e)
1. This 'super-chiral' response is essentially based on the dual asymmetry of the molecules (small magnetic polarizability) [7, 9] . Here we suggest a similar method of ultrasensitive local probing of the magnetoelectric effect.
We consider a typical dual-asymmetric particle with high electric polarizability α (e) , small magnetic polarizability: α
= ε α (e) , |ε| 1, and weak magnetoelectric polarizability: α
α (e) . Using Eqs. (3), (12), (15), and (19) with
, we obtain the absorption rate for the electric and magnetic dipole interactions:
. In turn, the magnetoelectric absorption rate is determined by the magnetoelectric energy (19) :
Thus, the relative magnetoelectric response is characterized by the ratiõ
A similar quantity maximizing the chiral response in [6, 8] isÃ
, which is limited as |Ã (ch) | < 2 in plane waves but can achieve anomalously high values |Ã (ch) | ∼ 1/ √ ε 1 in complex fields near the electric-field nodes, |E| 2 0. The magnetoelectric response factor (23) vanishes identically in plane waves, but can achieve the same 'super-values' |Ã (me) | ∼ 1/ √ ε 1 in complex fields. To illustrate this, we employ almost the same field configuration as was used in [6] . Namely, we consider two counter-propagating plane waves with the same amplitudes and circular polarizations of the same direction of absolute rotation:
Herex andȳ are the unit vectors of the corresponding axes and σ = ±1 determines the circular-polarization direction. The field (24) forms a standing wave with rotating distribution of real electric and magnetic fields E(r, t) and H(r, t) shown in Fig. 1a . One can see that the electric and magnetic fields are collinear with each other, exactly as required by the magnetoelectric configuration. Substituting field (24) into Eq. (23), we obtain the magnetoelectric response factor:
DistributionÃ (me) (z) is plotted in Fig. 1b , where one can see pronounced resonances in the vicinity of the electric nodes kz = π (n + 1/2) (n is an integer). The maximal resonant magnetoelectric response is |Ã (me) | res = 1/ √ ε and the peak width is kδz res = 2 √ 3ε. For realistic materials with ε ∼ 10 −4 -10 −6 , this yields the enhancement |Ã (me) | res ∼ 30-1000 [9] . Importantly, the magnetoelectric absorption (25) is proportional to the polarization ellipticity σ. Therefore, switching the polarization between the σ = ±1 modes and measuring the difference in the absorption rates one can measure the magnetoelectric polarizability of the particle [34] .
Conclusion.-We have examined a generic dipole interaction of a monochromatic electromagnetic field with bi-isotropic nanoparticles. Such interaction is described by the terms related to the breaking of dual, P-and (23) and (25) for the field (a) with σ = 1 and ε = 10 −4 . Pronounced resonances occur in the vicinity of the electric nodal points owing to the ε-small magnetic-dipole response of the particle, i.e., its strong dual asymmetry.
T-symmetries, including chirality and the nonreciprocal magnetoelectric effect ("false chirality"). Calculating the absorption rates, radiation forces, and radiation torques, we have introduced novel local characteristics of the field, which quantify the energy, momentum, and angular-momentum transfer in these specific interactions. In particular, using the PT-symmetric 'magnetoelectric energy density', we have described a complex field, which offers ultra-sensitive probing of the nonreciprocal magnetoelectric effect in nanoparticles. This can lead to the discovery of the magnetoelectric effect at the molecular level, as was discussed by Curie and Debye almost a century ago [17, 20] . We also expect that the magnetoelectric energy can serve as an important characteristic of various PT-symmetric effects in electromagnetism [19, 26] .
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